, respectively, for the Pseudomonas putida strain KD10. 50 However, the t 1/2 value was significantly reduced to 2 days along with k i , k s and q max 51 values of 1475 mg L -1 , 298.8 mg L -1 and 0.71 h -1 , respectively, by the immobilized 52
Introduction 104
Polycyclic aromatic hydrocarbons (PAHs) are considered as the potential health 105 hazard for living beings (Kumari et al., 2018) . Environmental agencies including US-106 EPA, European Union, Environment-Canada, registered PAH as the priority pollutants 107 that require immediate human intervention (Wang et al., 2018) . The physicochemical 108
properties of PAH make them a major contributor for soil and groundwater 109 contamination through bio-magnification (Norris, 2017) toxicant (Lee and Heo, 2000) . Moreover, calcium alginate is nontoxic to the bacterial 127 cell and it has low production cost which facilities easy reuse (Bhardwaj et al., 2000) . 128
Biodegradation of a toxicant (complex nutrient for bacteria) by the microbial 129 consortium can efficiently enhance biodegradation rate (Kumari et al., 2018) . This rate 130 enhancement could be achieved by several ways such as, different biodegradation 131 pathways of each individual bacterium , a metabolic intermediates of 132 one bacteria may act as the starting material of other bacteria (Surkatti and El-Naas, 133 2018), different genetic makeup (Woyke et al., 2006) , synergetic effects of different 134 microbial species, (Ghazali et al., 2004) or by synthesising different variant of catalytic 135 enzymes. Bacterial cells in the microbial consortium can also combine their metabolic 136 capabilities to utilize the common complex nutrient (Gilbert et al., 2003) . 137
Biodegradation of complex hydrocarbon mixture by the microbial consortium offers a 138 combination of diverse enzymes which promotes the biodegradation processes 139 (Wongwilaiwalin et al., 2010) . However, microbial consortium immobilization for 140 biodegradation of PAHs was not studied previously. The aim of the present study is to 141 evaluate the naphthalene biodegradation performance by Pseudomonas putida strain 142 KD10 and Pseudomonas sp. consortium as a free and immobilized format. Previous 143 study showed that Pseudomonas putida strain KD9 cells decrease in size and shape 144 from rod to sphere during naphthalene biodegradation and their specific growth rate was 145 also little slower . Keeping this fact in the mind, both morphological 146 types of bacteria were applied in this present set of study. Additionally, the naphthalene 147 Bertani broth at 31°C with 150 rpm in order to grow the bacterial cell in its normal size 170 and shape. Alternatively, bacterial cells were grown in CSM with naphthalene a as sole 171 source of carbon and energy to obtain altered morphological variant. 
Enzyme kinetic assay 201
The enzyme kinetic parameters of the naphthalene 1, 2-dioxygenase I250, V256 was 202 performed using the cell-free extract of the Pseudomonas putida strain KD10, grown in 203 250 mL of CSM with naphthalene (500 mg L -1 ) as a sole source of carbon and energy as 204 described by previously . 205 206
Detection of solvent efflux pumps system 207
The detection of solvent efflux pump system (srpABC) in Pseudomonas putida 208 strain KD10 was performed using conventional polymerase chain reaction in a thermal 209 cycler (Mastercycler® nexus gradient, Eppendrof, (Germany). Standard reaction 210 mixtures were prepared using forward, reverse primers (Table S1) 
Cell viability count 230
The viable cell enumeration in the CABs was performed by using a protocol 231 described previously (Usha et al., 2010) . In brief, CABs was washed in saline and keep 232 submerged for 10 min (for saline soaking). Following soaking, the CABs were shaken 233 with glass beads for 15 min and 1 g CABs were homogenized in 9 ml saline. The saline 234 was then used for viable cell enumeration onto a nutrient agar plate. Plating was done 235 
Data analysis 273
The first-order degradation kinetics model was used to estimate the residual 274 naphthalene in CSM using equations 1, the algorithms as expressed determine the half-275 life (t 1/2 ) values of naphthalene in CSM. The substrate inhibition kinetic parameters 276 were calculated using equation 2. 277
[3]
[4]
The effect of SCS on growth pattern was measured by calculating the difference 280 between optical densities at 600 nm and expressed by slight extension (Equation 4) of the 281
Gomperz's sigmoid growth fit equation (Equation 3). 282
The growth pattern change by SCS was considered as CFU shift (Equation 5). Where, 286 X c2 = Optical density at X c2 and X c1 = Optical density at X c1 . 287
The bacterial growth kinetics were analyzed by applying the Gomperz's model using 289
Levenberg-Marquardt algorithm in Origin ® 2016 (California, USA) and the degradation 290 kinetics were analyzed by using Graphpad Prism® 6.01 (San Diego, CA, USA). 291
[5]

Results and discussion 293
Isolation, identification and growth patterns of NAP degrading bacterial strain 294
Pseudomonas putida strain KD10 was isolated from petroleum refinery waste 295 with its distinguished colony morphology on CSM agar plate ( Figure S1a, b) . The PCR 296 product of 16S rRNA gene of the strain KD10 was sequenced. Moreover, the multiple 297 sequence alignment followed by phylogenetic assessment suggests that the strain 298 belongs to the Pseudomonas putida group and it showed 99% sequence similarity with 299 the previously deposited sequences of Pseudomonas putida ( Figure S2 ). The 16S rRNA 300 gene sequence was deposited at NCBI (https://www.ncbi.nlm.nih.gov/) under the 301
GenBank accession number KX786157.1. 302
Naphthalene biodegradation by the Pseudomonas putida KD10 was 303 preliminarily confirmed by the catechol test ( Figure S1C (Table S4) . 308 309
Pseudomonas sp. consortium, growth pattern and NAP biodegradation 310
The growth pattern of the Pseudomonas sp. consortium, as shown in Figure 1  311 was optimized at 31°C and pH 7.1 which reveal successful cooperation among 312
Pseudomonas putida strain KD6, KD9 and KD10. Further, the growth curve model 313 indicates a significant increase in total biomass of the Pseudomonas sp. consortium and 314 they also showed a high concentration of naphthalene tolerance potential. 315
Gene sequence and phylogenetic analysis 317
Naphthalene 1, 2-dioxygenase (nahAc), encoded by Pseudomonas putida strain 318 KD10 have only two point mutations at I250, and V256 which were replaced by 319 methionine and glycine respectively ( Figure 3A, S6) . However, additional mutations 320 were found in the same chain A at K200, A210, E264, M284 and N334 by replacing 321 glutamic acid, glycine, aspartic acid, isoleucine, respectively . 322
The three dimensional structural analysis suggests that the mutations at 200, 210, 284 323 and 334 causes a little structural change in comparison to the wild type variant of 324 naphthalene 1, 2-dioxygenase ( Figure 3B ). Conversely, the amino acids stretch at the 325 close proximity of the active site residues exactly from 248 to 266 showed a structural 326 mismatch among all three mutant and wild type variants of naphthalene 1, 2-327 dioxygenase ( Figure 3B ). The active site of an enzyme tends to evolve fast to attain its 328 maximum performance and functionality in a particular environment (James and 329
Tawfik, 2003). 330
The alteration of amino acids bases from 248 to 266 of chain A, was a common 331 feature in all three mutant variants of nahAc and this particular stretch of amino acid is 332 very close to the active site residues ( Figure 3C ). This implies that the "248-266" amino 333 acid stretch is highly prone to mutation and it may influence on the enzymatic efficiency 334 and environmental adaptability. Thus, our study provides a new insight, which could be 335 beneficial for rational approaches of enzyme redesigning. 336
The biodegradation performance of a bacterial strain is linked with the three 337 dimensional structure of the catalytic enzyme and ligand binding posture (Singh et Moreover, the divergence of evolutionary distances of the same enzyme between 361 different and same bacterial species indicates thrive in a particular microenvironment. 362
However, further studies are needed to identify the underlying cause and mechanisms of 363 such variation intra-species variation. 364
Molecular docking 366
The result depicted from the rigid body molecular docking, suggests nahAc-367 KD10 I250, V256 mutant has a little higher binding free energy than that of mutant nahAc 368 encoded by KD9 but little lower than the nahAc mutant variant encoded by the KD6 369 (Table 1) (Table S5) . 381 382
Enzyme kinetic assay 383
Enzyme activity by cell free extract of Pseudomonas putida KD10 was studied 384 using Naphthalene as substrate. The cell free extract of strain KD10 degraded 385 Naphthalene, with R 2 of 0.935 indicating the experimental data are well correlated with 386 the model ( 
Cell immobilization and viability count 413
The viscosity of CABs determines its efficiency of the immobilization and its 414 performance of detoxification of environmental pollutant (Young et al., 2006) . 415
Therefore, sodium alginates of medium viscosity were chosen for this study. The 416 efficiency of cell immobilization in CABs was evaluated by enumeration of viable cells 417 (Table S3) capabilities . 445
In the previous study, t 1/2 of naphthalene co-biodegradation with phenanthrene 446 and pyrene by Pseudomonas putida strain KD6 was 4.1 days, which was significantly 447 reduced to 2.2 days when bacterial cells were allowed to grow as Pseudomonas sp. 448 consortium with only naphthalene (Table 3) 
By immobilized Pseudomonas sp. consortium 461
The biodegradation kinetic of naphthalene by individual Pseudomonas putida 462 strain KD6, KD9, KD10 and Pseudomonas sp. consortium immobilized in CABs, 463 depicted further enhancement of overall naphthalene bio-utilization (Table 3) . Cell 464 immobilization using hydrogel, such as CAB found to be advantageous rather than free 465 cells (Hameed and Ismail, 2018) . (Table 3 ). The individual cell population also displayed 482 improved biodegradation efficiency. However, the biodegradation efficiency was 483 maximum by Pseudomonas putida strain KD6, which showed a marked reduction of t 1/2 484 from 4.1 to 3.0 days (Table 3) energy showed a delayed growth rate and their total biomass was also low (Figure 1) . 491
Nevertheless, growing cells on CSM prior to immobilization in CABs provide them 492 essential adaptation to the toxicant and mature them for such stress condition (Table 3) . 493
Immobilized cell system was useful for bioremediation of a toxicant after prior 494 adaptation to the surrounding environment (Partovinia and Rasekh, 2018). However, 495 growing cells in Luria-Bertani broth does not adapt cell adequately, and their 496 naphthalene removal performance was very poor ( Figure S3 ). The inoculum was 497 normalized (OD 600nm = 0.002) for each Pseudomonas putida strain in order to prepare 498 the Pseudomonas sp. consortium. In aqueous medium, the immobilized bacterial cell 499 mainly on the surface was exposed to naphthalene and primarily involved in the 500 naphthalene bio-utilization process. However, due to the micro-porous feature of the 501 calcium alginate beads, microbial cells immobilized other than surface are also 502 participates in the bio-utilization and bio-sorption process of naphthalene. Further, with 503 time due to the mechanical force generated by shaking, a few microbial cells may 504 release from the calcium alginate beads. However, to fuel up the cell, it is necessary to 505 uptake naphthalene for bio-utilization through step by step intracellular enzymatic 506 reactions (Lin et al., 2014) . 507
Effect of initial naphthalene concentration on biodegradation kinetics 510
The effect of different initial concentration of naphthalene (150 -2500 mg L -1 ) 511 on degradation kinetics was evaluated with immobilized KD6, KD9, and KD10 as 512 individual and as a consortium (Table S2) . The results suggest cell immobilization in 513
CABs facilitates bacteria to cope with a high initial concentration of NAP (Table S2) . 514
The substrate inhibition kinetic parameters, viz., the maximum specific degradation rate 515 (q max ), and inhibition constant (k i ) were highest for immobilized Pseudomonas sp. 516 consortium and these values were 0.707 h -1 and 1475 mg L -1 respectively (Table S2) . 517
However, we did not find any significant change on half saturation constant (k s ), 518
suggesting the reaction does not depend on its initial concentration and the 519 biodegradation process follows pseudo-first order reaction kinetics. In previous study, 520
free Pseudomonas putida KD9 in CSM was capable to tolerate relatively low initial 521 
Detection of metabolic end products 529
The metabolic pathway of naphthalene biodegradation that might be followed by 530
Pseudomonas putida strain KD10 was elucidated through GCMS analysis of the 531 metabolites ( Figure S4 ). In the previous study, the major metabolites ware restricted to 532 be salicylaldehyde, catechol, D-gluconic acid and pyruvic acid . 533
However, in the present study, we have detected salicylic acid as an additional 534 metabolite (Table 4 ). Catechol step into the TCA cycle by two possible pathway one is 535 ortho-cleavage and another is meta-cleavage pathway. The meta-cleavage pathway is 536 led by catechol-2, 3-dioxygenase (nahH), and presence of nahH ( Figure S5 
